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ABSTRACT
Selective logging causes at least half of the emissions from tropical forest degradation. Reduced-impact logging for climate (RIL-C) is proposed as a way to maintain
timber production while minimizing forest damage. Here we synthesize data from 61 coordinated field-based surveys of logging impacts in seven countries across the
tropics. We estimate that tropical selective logging emitted 834 Tg C02 in 2015, 6% of total tropical greenhouse gas emissions. Felling, hauling, and skidding caused
59%, 31%, and 10% of these emissions, respectively. We suggest that RIL-C incentive programs consider a feasible target carbon impact factor of 2.3 Mg emitted per
Mg of timber extracted. Operational modifications are needed to achieve this target, such as reduced wood waste, narrower haul roads, and lower impact skidding
equipment. Full implementation would reduce logging emissions by 44% (366 Tg C02 year - 1 ) and deliver 4% of the nationally determined contributions to the Paris
Climate Agreement from tropical countries, while maintaining timber supplies.

1. Introduction

Tropical forest degradation (carbon losses from forests tha t remain
forests) is responsible for much of contemporary (69%) and historic
(27%) carbon emissions from tropical ecosystems (Baccini et al., 2017;
Erb et al., 2017). Selective logging, which occurs in at least 20% of the
world's tropical forests, is estimated to account for a t least half of these
anthropogenic forest degradation emissions (Blaser et al., 2011;
Pearson et al., 2017). The need to reduce the deleterious environmental
impacts of logging is widely recognized, but uncontrolled selective
logging by untrained crews remains the major cause of tropical forest
degradation and associated carbon emissions (Asner et al., 2005;
Pearson et al., 2017) .
Improved natural forest management re presents a poten tially large
na tural climate solution to global clima te change, but this mitigation
opportunity is highly uncertain (Griscom et al., 2017). Reduced-impact
logging (RIL)- a set of improved timber harvesting guidelines for se
lectively logged natural forests-is of particular interest because of its
relative low costs an d numerous co-benefits. The carbon benefits of RIL

have been studied at numerous sites across the tropics (e.g., Feldpausch
et al., 2005; Medjibe et al., 2011; Pearson et al., 2014) as are the
benefits to biodiversity (Bicknell et al., 2014). However, to our
knowledge only one study (Putz et al., 2008b) estimated the pan
tropical climate mitigation potential of RIL, but it was based on fi eld
da ta from only two sites (Keller et al., 2004; Pinard and Putz, 1996).
The term RIL, which refers to sets of well-established timber har
vesting practices (e.g., Conway, 1976), was first applied to an improved
forest managem ent proj ect in Malaysia (Putz and Pinard, 1993). Since
then various versions of RIL were codified interna tionally (Dykstra and
Heinrich, 1996) and in various coun tries around the tropics (e.g.,
Pinard et al., 1995; Tropical Forest Foundation Indonesia, 2015). Here
we use RIL-C to refer to a subset of recommended RIL prac tices that a re
explicitly promoted to reduce carbon emissions, a n e mphasis tha t re
flects concerns about climate change a nd fores t degrada tion as well as
opportunities to benefit from r eductions in carbon e missions, e.g.,
REDD+ , voluntary carbon markets, Nationally Determined Contribu
tions to the UN Paris Clima te Agreement (NDCs, United Nations
Framework Convention on Climate Change, 2015), and corporate
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Fig. 1. Location of and number of sample blocks included in this study. Sample regions are outlined in bo ld, from west to east: Yucatan Peninsula, Mexico (YucP),
Madre de Dios, Peru (MdD); Suriname; Gabon; Republic of Congo (RoC); Democratic Republic of Congo (DRC); and East and North Kalimantan, Indonesia (EKal).

commitments [see Fig. 1 in Griscom et al. (2019), for a detailed review
of rela ted terminology].
RIL-C practices are defined by their capacities to deliver measurable
climate change mitigation outcomes without reductions in timber
yields. Examples of RIL-C practices include improved felling and
bucking for greater wood utilization (thus reducing waste), directional
felling to avoid collateral damage, skid trail planning, long-line
winching, and narrower haul road construction. Many of these practices
can be implemented at low cost without dramatic changes to existing
operational systems (Holmes et al., 2002; Indrajaya et al., 2016). De
spite these opportunities, adoption of RIL and RIL-C practices remains
low, partly because they lack robust, efficient emission reduction ver
ification systems and a ppropriate rewards (Putz et al., 2012). Unlike
deforestation, selective logging is notoriously difficult to monitor with
available satellite imagery (Frolking et al., 2009; Read, 2003; Rejou
Mechain et al., 2015; Weishampel et al., 2012), so one challenge is to
provide cost-effective, consistent, and reliable field-based protocols to
measure those emissions. To provide such a protocol, the Nature Con
servancy worked with partners to develop and validate a third-party
Verra (formerly VCS) methodology for verification of RIL-C practices in
the tropics (The Nature Conservancy and TerraCarbon LLC, 2016a),
with a customized module for measuring RIL-C in East and North Ka
limantan, Indonesia (The Nature Conservancy and TerraCarbon LLC,
2016b). The RIL-C me thodology provides an outcome-based approach
to measure logging emissions and thereby validate claims a bout the
employment of RIL practices, using carbon as the performance metric.
It facilitates implementation by applying easily measured field-based
carbon metrics ("impact parameters") that allow independent mon
itoring entities to audit performance.
In this issue of Forest Ecology and Management, we compile field
data from 61 sample blocks in 56 tropical forest management en 
terprises (FMEs) in seven countries on three continents to set logging
emission baselines that comply with the RIL-C Verra methodology. We
then estimate the opportunity for RIL-C practices to reduce emissions
below these baselines. This paper synthesizes results at the pantropical
scale, while the other papers in this issue focus on results from each
FME and region with analyses designed to inform regional climate-ef
fective logging policies. Here we (1) calculate a historical logging
emissions baseline for the tropics, (2) evaluate patterns across regions,
(3) propose a new RIL-C pantropical best performance target, (4) esti
mate the pantropical maximum potential climate mitigation of RIL-C
implementation, and (5) provide global insights into which RIL-C
practices are likely to generate the largest emission reductions.
Carbon benefits of RIL derive from both increased logging efficiency
and respect for rules related to riparian buffer zones, slope restrictions,
and other set-asides within harvest blocks. Here we focus on RIL
practices that maintain timber yields and thereby avoid risks of leakage
(i.e., displacement of logging to outside the area of study. RIL-C

efficiency is expressed as an emissions factor, either in Mg C per ha
harvest block, per m 3 extracted timber, or per Mg of extracted timber.
The latter, which we refer to as the carbon impact factor (CIF) when
excluding emissions for the extracted timber itself, corrects for differ
ences in wood density and carbon content among harvested timbers.
When combined with activity data on the spatial extent of logging and
timber volumes harvested, these emissions factors can be used to esti
mate logging emissions and emission-reduction benefits at scales from
harvest blocks to FMEs, regions, countries, and the tropics.
2. Methods
2.1. S111dy sites

This paper compiles data from coordinated field campaigns in seven
national or sub-na tional regions described in detail in other papers in
this special issue: Democratic Republic of Congo (DRC), Gabon, and
Republic of Congo (RoC; Umunay et al., 2019); East and North Kali
mantan Provinces, Indonesia (EKal; Griscom et al., 2019); Madre de
Dias Department, Peru (MdD; Goodman et al., 2019)); Suriname
(Zalman et al., 2019); and three Mexican states on the Yucatan Pe
ninsula (YucP; Ellis et al., 2019). In each region (Fig. 1 ), field data were
collected in 6- 10 (mean = 8.7) harvest blocks within active, legally
permitted FMEs. In five cases (once in Ekal, once in Suriname, and three
times in MdD) two blocks were sampled in the same FME but were
harvested at different times by different crews. Sample blocks, which
represent spatially distinct areas of active harvesting, ranged
22-1060 ha and were often coincident with planning units used by
forest managers (i.e., forest management units, "petaks," "kapvaks," or
"sub-blocks"). Relevant regional harvesting statistics are presented in
Table 1.
Sample blocks were selected with a stratified random procedure to
ensure a representative sample of FMEs based on factors such as their
size, soil type, elevation, carbon density, certification status, and
worker training in RIL practices. If a randomly selected sample block
was inactive or inaccessible, it was replaced by a new randomly se
lected sample block from the same stratum. At least two Forest
Stewardship Council (FSC)-certified FMEs were selected in each region,
except in DRC, where there were none. Certified and uncertified FMEs
share many characteristics, but they were not fully matched, so we did
not account for likely positive selection bias, and our comparisons
should therefore be considered naive (Romero et al., 2017).
2.2. Field data collection

We adapted field methods from two previous studies (Griscom et al.,
2014; Pearson et al., 2014). We mapped all skid trails in each harvest
block using wide-area augmentation system-enabled Garmin GPS
256
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Table 1
Key characteristics of samples from harvest blocks. All carbon (C) values represent above- and below-ground biomass.
Region

No. felled
trees
counted

Mean log
length (m)

(km)

No. felled
trees
measured

Mean
felled tree
DBH (cm)

Mean
felled tree
c (Mg)

Mean preharvest forest C
density (Mg
ha  1)

Mean harvest
intensity (m3
ha- 1)

29.3
28.9
35.0
118.4
35.7
18.1
68.0

5.1
18.4
73.6
17.3
67.4
4.9
1 25.4

102
135
132
460
151
75
255

317
498
1173
2969
262
236
1167

18.5
20.9
25.3
7 .8
17.3
18.8
17.9

117.9
107.2
87.9
62.6
101.8
117.0
74.1

33.8
27.7
50.6
14.2
18.6
28.0
21.2

202.1
202.1
233.3
76.6
202.1
236.9

8.0
10.5
36.5
2.8
5.2
17.4
11.0

333.5

3 12.1

1310

6622

18.2

93.6

27.9

173.8

1 3.3

Mapped skid
trail length
(km)

77.9
100.9
117.1
320.0
68.5
51.7
57.8
116 .2

No.
sample
blocks

sampled (ha)

DRC
Gabon
EKal
YucP
MdD
RoC
Suriname

8
9
10
9
9
6
10

All

61

Mean area

Mapped haul
road length

NA

To estimate the carbon density of forests cleared during road and
log yard construction, we established an average of 15 biomass plots in
pre-harvest blocks adjacent to the sampled blocks. We used a nested
variable-radius sampling "Big BAF" system (Griscom et al., 2014;
Marshall et al., 2004), except in MdD and YucP. Following this meth
odology, for trees > 10 cm DBH selected by a larger basal area factor
angle wedge gauge, we recorded DBH, species, (and total tree height in
Gabon, DRC and RoC). These trees were used to calculate a biomass-to
basal area factor. We then tallied all trees selected with a smaller BAF
angle gauge to calculate basal area. Small and large BAFs were cali
brated to conditions in each region, as described by Marshall et al.
(2004). In YucP, biomass-to-basal area factors were calculated from
available inventory data (CONAFOR, 2012). In MdD, a regional average
62.3 Mg C ha - l was used for trees with DBH :5 40 cm from Goodman
et al. (2012) because trees > 40 cm DBH were avoided during road
construction, as reported by forest managers and observed in the field.
Soil carbon emissions were not assessed in this study.
Our field methods differ from those used by Pearson et al. (2014) in
how we mapped felling gaps, skid trails, and haul roads. Instead of
using remote-sensing imagery and pre-harvest maps, we relied solely on
field-based GPS maps of skid trails and haul roads (and LiDAR in EKal),
as described above. Teams of 2-4 people typically completed a sample
block in 3-4 days.

receivers. We also counted all felled trees extracted from these skid trail
networks except in EKal and MdD, where skid trails were subsampled.
In EKal, we scaled our subsamples based on LiDAR-mapped skid trail
densities over 5620 ha in six of the nine sample blocks (Ellis et al.,
2016); for the remaining three blocks, we used the LiDAR-based
average. In MdD, we scaled our subsamples using the ratio between
field-measured extracted timber volumes and reported volumes for the
entire FME.
To estimate emissions from tree felling, including those from the
portions of felled tree left in the forest (hereafter, felled tree re
mainder), we visited an average subsample of 21 recently felled trees in
each sample block. At each felled tree, we recorded the location ± 5 m,
tree species, stump he ight, diameter at breast height (DBH) when
possible, total tree height (except for YucP and EKal), and diameter and
length of all present and absent log sections up to the first major branch
of the felled tree, noting any hollows. We inferred diameters and
lengths of extracted logs from the distances between and diameters of
remaining sections. To ensure accuracy of inferred log extraction
lengths, any felled trees remainders that displayed evidence of sliding
down hill after felling (or being moved during yarding) were dropped
from the sample. To avoid bias toward sampling tree gaps with multiple
felled trees, we selected felled trees from a systematic subsample of
felling gaps, regardless of whether they were caused by the felling of
single or multiple trees. Measurements were taken for all trees within
selected felling gaps. In each felling gap, we recorded DBH and damage
class of all trees ;::, 10 cm DBH that were damaged as a result of tree
felling (see Table SI for damage classes).
To assess damage from skidding (transport of timber from felling
site to the roadside), we established an average of 16 plots 10 m long,
with width defined by width of the skidding damage, distributed evenly
throughout the mapped skid trail networks. As for felling damage, in
each skid trail plot, we recorded DBH and damage class of all trees
;::, 10 cm DBH. In EKal, where bulldozers (i.e., crawler tractors) were
used for skidding and the soil surface is often bladed off, trees < 20 cm
DBH were often buried by debris. To account for this process, in EKal
we measured the density of all trees 10- 20 cm DBH in 5 x 10 m plots
located 5 m from the edge of each skid trail plot, as described in
Griscom et al. (2014). Given that skidding emissions from trees
10- 20 cm DBH was < 1 % of skidding emissions in Ekal sample blocks,
only trees > 20 cm DBH were measured in other geographies where
bulldozers were used (Gabon, MdD, and Suriname).
To estimate the area of forest clearing from newly constructed haul
roads, we mapped an average of 5 km of haul roads in and adjacent to
the sampled blocks using a Garmin., GPS. We measured widths of the
active road surface and of the total haul road corridor between the
nearest standing tree boles at an average of 18 points along these roads.
Along these mapped roads, we also measured the area of an average
sample of 7 log yards using field-based measurements of length, width,
and shape or from the GPS-based area calculated from tracing the yard
perimeter.

2.3. Data processing

We calculated baseline emissions using a consistent set of equations
and variables (see Supplementary Equations). Similar to previous stu
dies (Griscom et al., 2014; Pearson et al., 2014), we use the "gain-loss
method" equation 2.4 from Intergovernmental Panel on Climate
Change (IPCC) National Guidelines (Aalde et al., 2006). This equation is
recommended by IPCC in place of the "stock-difference method" when
carbon fluxes are a small proportion of stocks, as is the case for selective
logging emissions from tropical forests. We analyzed, aggregated, and
summarized the data at the scales of plots, sample blocks, FMEs, re
gions, and all tropical countries where there is commercial selective
logging. We categorized data into six emissions sources: (1 ) roundwood
timber extracted from felled trees (RWF); (2) the roots, crowns and
branches of felled trees that remain on site (jelled tree remainder); (3)
felling collateral damage from trees killed by felling operations; ( 4) col
lateral damage from log transport (i.e., yarding) from felling sites to log
yards (skidding); (5) forest cleared during haul road construction; and,
(6) forest cleared for log yard construction. Sources 1-3 were associated
with felling, source 4 with skidding, and sources 5 and 6 with hauling.
Note that these categories differ slightly from those used by Pearson
et al., (2014), but can be easily cross-walked: Extracted Log Emissions
CELE = timber), Logging Damage Factor (LDF = felling collateral da
mage + felled tree remainder), and Logging Infrastructure Factor
(LIF = skidding + hauling). All ranges reported in this paper are ex
pressed as ± 95% confidence limits.
257

Forest Ecology and Management 438 (2019) 255-266

P. W. Ellis, et al

We express C emissions in three ways: (1) emissions per area (Mg
ha - i) by dividing all sample block source emissions by the total area of
the sample block, acknowledging that the area of the sample block
accessed for extraction is often much smaller than the permitted harvest
block (Ellis et al., 2016); (2) emissions per volume of timber extracted
(Mg m - 3 ) by dividing all sample block emissions by the extracted vo
lume; and, (3) the carbon impact factor (CIF) which divides emissions
sources 2- 6 by the extracted volume (source 1) expressed in Mg C,
referred to as "mean carbon export ratio" by Feldpausch et al. (2005).
CIF adjusts for variation in wood density among study areas and pro
vides an intuitive sense of the efficiency of logging operations. As the
ratio of biomass C damaged to biomass C utilized for timber, lower CIF
values correspond to more efficient operations. In this paper, we use CIF
when comparing regions but use Mg m - 3 when scaling emissions fac
tors to country and pantropical scales because harvest volume data are
more available. Emissions reported in Mg ha - l vary with harvest in
tensities, so we use this metric only for comparisons with other pub
lished data.
We used mixed effects models to evaluate effects of various factors
on logging emissions, specifying regions as the random intercepts. We
selected best fit models to explore how CIF (total and by source) is
effected by FSC certification, and the following environmental variables
at sample block and regional scales: average terrain slope (percent,
Jarvis et al., 2008), average pre-harvest carbon density (Mg ha - 1 ) ,
average wood density of felled trees Cg cm- 3 ), average height of felled
trees (m), average heights of measured trees in the pre- harvest blocks
(m), and average annual precipitation (mm, Fick and Hijmans, 2017).
We also used mixed effects models to evaluate the relationship between
harvest intensity and logging emissions (total CIF), again controlling for
variation among regions.
To test for differences in emissions due to the use of different
skidding equipment, we fi tted a one-way ANOVA model followed by
Tukey HSD post-hoc tests. We tested for correlations (Pearson's) be
tween haul road width and road emissions. All statistical analyses were
done using the R packages (R Development Core Team, 2014), lmerTest
(Kuznetsova et al., 2017), and MuMin (Barton, 2018).

We take a committed emissions approach to accounting for emis
sions from all pools, including extracted timber, following the IPCC Tier
1 accounting assumption " ... that all carbon biomass harvested is oxi
dized in the removal [harvest] year" (Pingoud et al., 2006). In this way,
potential mitigation from improved milling efficiency, increased carbon
storage in durable wood products, permanent wood storage in landfills,
energy generation from wood waste, and the substitution of wood for
concrete, steel, or aluminum are not included in our calculations of the
mitigation potential of RIL-C.
To calculate tree biomass from DBH, wood density, and height (and
crown diameter when available), we applied the best available allo
metric equation for each region. We used Chave et al. (2005) model Il.3
Moist for EKal and Suriname and 11.3 Dry for YucP. For MdD we used
the Goodman et al. (2014) model I.lCR for felled trees and model II.l
for all others. In Gabon, RoC, and DRC we used Fayolle et al. (2018)
regional model 12. We estimated below-ground root biomass with mot
to-shoot ratios for each region's forest type (Mokany et al., 2006). To
calculate volume of extracted timber from felling, we used a Smalian
frustum formula from field measurements of the distance between re
maining log sections and diameters of remaining sections at either end.
We converted volume to carbon using wood density (Chave et al., 2009;
Zanne et al., 2009) and 0.47 carbon fraction (McGroddy et al., 2004).
Hollow volumes were subtracted from log section volumes also using
Smalian's frustum formula. When hollows were observed at only one
end of a section, we assumed a hollow volume equal to a cone with
height equal to half the log's length. Overall, hollows represented 0.5%
of total felled tree biomass.
We calculated collateral damage emissions from skidding and
felling using mortality rates from damage scenarios described in Table
Sl, adapted from Goodman et al. (2019) using pantropical average for
proportion of AGB in the tree crown.
We estimated the timber extracted during haul road construction
that was not captured in our calculations from felling sites by applying
harvest intensities from our field data to the total haul road area. For
this purpose, we first mapped the "area accessed" (Griscom et al., 2014)
based on the 95th percentile of GPS recorded skid trail-to-stump
minimum Euclidian distances for each region (5571 stumps, 333 km
skid trails total). We then delineated skid trail "buffers" in GIS using
these distances. We applied the field-measured harvest volumes per
area accessed as a proxy for available timber in the area of newly
constructed haul roads. This additional hauling timber (RWH) was
added to the felling timber (RWF) to calculate the total timber harvested
used as the denominator of Mg C m - 3 and CIF (Mg Mg - 1 ) emissions
estima tes presented below.
To estimate the area of newly cleared haul roads, we assigned the
mean haul road density (m ha - l in sample blocks) for the entire region
to all sample blocks in tha t region before multiplying by the mean
sample block-specific haul road widths. We chose more generalized
road length densities in place of sample block specific ones because
sample road lengths for any given FME were rarely large enough to
capture the variability in road density confidently. Furthermore, prac
titioner feedback indicated that reducing haul road length is expensive
and often infeasible (Griscom et al., 2019), so it would not represent a
viable RIL-C practice.
To estimate the area of previously constructed and re-used haul
roads, we assumed trees would regrow in the haul road clearing cor
ridor but not on the active road surface where soil conditions and
continued road use grea tly inhibit regrowth. To calculate the carbon
density of the vegeta tion in these roadside strips of regeneration, we
multiplied the area times the average harvest cycle by the tropical
secondary forest carbon sequestration rate estimated as 2. 73 Mg ha - l
yr - 1 (Bonner et al., 2013).
Carbon emissions from soil and litter, fossil fuels used during log
ging, and activities outside the sample blocks such as base camp con
struction and operation were beyond the scope of this study and were
not considered.

2.4. Emissions reductions and RIL-C best practices

None of the 61 sample blocks implemented the complete suite of
RIL-C practices. Therefore, to estima te potential RIL-C emissions re
ductions for each region, we selected the best performance (in terms of
CIF) from all sample blocks for each emissions source. In this way,
theoretical best-case scenarios were compiled from emission source
data for each region; this is consistent with "level 1" RIL-C im
plementation as described by Griscom et al. (2019). We estimated a
RIL-C pantropical best performance as the average of "level 1" best
performance compilations from each region.
To investigate the factors that might influence emissions reductions,
we used linear models to analyze CIF correlations with wood waste
from felled trees and inefficient bucking, skidding equipment, skid trail
density, haul road width, and worker tra ining. Wood waste was defined
as any non-hollow, undamaged wood from the felled tree left at the
felling site that was between 50 cm above the ground and the fi rst large
branch, separated into felled tree wood waste from felled trees with no
timber extracted (RWn = 0), and bucking wood waste from felled trees
with some timber extracted (RWn > 0). Winching distances were de
fined by the distance from each stump to the nearest skid trail, based on
5571 stumps and 333 km of tracked skid trails.
We did not explicitly investigate the effects of set-asides (e.g. ri
parian buffers, steep slopes), pre-felling liana cutting, ha ul road plan
ning, marking future crop trees, or road and skid trail construction best
management practices (e.g. water bars and culverts). Emissions re
ductions from these activities would be additional to those identified
here, but we expect them to be minimal and/ or challenging to monitor
beca use of leakage concerns, da ta scarcity, circumstances out of
258
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manager control, low variability in our dataset, or with effects on
carbon pools not covered in this study, respectively.

consistent, on average 11.2 ± 1.7%, with EKal highest (21.7%), YucP
the lowest ( 4.8%). The CIF of the best performing FME (Guadalajara, in
YucP) was 2.3MgMg- 1 .
Considering regions as random effects in mixed effects models, we
found different results for different fixed effects. When accounting for
within-region variation, FSC-certified FMEs did not differ from un
certified FMEs (F0 , 56l = 0.07, p = 0.78, Fig. S4). Considering environ
mental variables out of manager control (terrain slope, carbon density,
wood density, tree height, and precipitation) only slope had a sig
nificant effect on CIF emissions overall or by source (p = 0.005), and
together explained 52% of CIF variation. Across all sample blocks, the
log of harvest intensity significantly decreased with CIF and explained
28% of the variation in CIF emissions when controlling for the random
effect of regions (F1 , 58_5 = 31.6, p < 0.0001). Evaluation of the effect
of harvest intensity on CIF by region revealed significant effects only in
Gabon, Ekal, YucP, and Suriname. In these regions, log function
asymptotes ranged from 1.7 in YucP to 3.5 CIF in Suriname
(mean = 2.6 ± 0.7, Fig. 3). Harvest intensities were by far the lowest
in the Yucatan Peninsula (mean 2.8 compared to 13.3 m 3 ha - 1 mean
across all regions).

2.5. Pantropical logging emissions

We used emissions factors calculated in this study together with
harvest volume data from the Food and Agriculture Organization of the
United Nations Forest Resources Assessment (FRA; FAO, 2016), to es
timate pantropical baseline logging emissions and potential emissions
reductions. First, we calculated the average C emission factors (Mg
m - 3 ) for the seven sampled regions and assumed our samples were
representative of the logging conditions for that entire country. Then,
we estimated the volumes of commercial timber harvested from natural
forest in each country using the extracted timber volumes data from
FRA for 2015. The FRA collects industrial timber production statistics
from national governments, but these data do not distinguish between
timber from natural and plantation forests. To remove plantation
sourced timber from our statistics, we relied on a unique dataset that
estimates global plantation production volume (Jiirgensen et al., 2014)
to estimate the plantation productivity (m 3 ha - l) for each tropical
country. We divided 2010 plantation areas (FAO, 2010) by the output
volume (m3 for year 2012; Jiirgensen et al., 2014) and used regional
averages for countries with missing data. We then multiplied the esti
mated plantation productivity by the reported 2015 plantation area
(FAO, 2016) to derive the total 2015 timber production volume from
plantations for each country. Lastly, we subtracted this number from
total 2015 timber production volume to obtain country-level natural
forest timber production in 2015. These natural forest timber volumes
served as the activity data that, when multiplied by our country emis
sions factors, provide country-wide baseline selective logging estimates
for the seven countries sampled in this study.
To extrapolate this sample to the other 77 tropical countries with
FRA-reported rates of timber extracted from natural forests by selective
logging, we conducted an expert consultation process to cluster coun
tries with similar logging conditions, extraction intensities, and har
vesting equipment, with each country cluster assigned the parameters
from one of the seven sampled countries. We then assigned all countries
in a cluster the emissions factor from their representative sample
country, multiplied by natural forest harvest volumes, and thereby
obtained country-level estimates of baseline logging emissions.
Summing these baseline estimates across the 84 timber-producing tro
pical countries provides an estimate of pantropical carbon emissions
from selective logging of natural forests. To estimate maximum po
tential emissions reductions from RIL-C best practices, we subtracted
the pantropical best RIL-C performance from each country's baseline
logging emissions and summed the differences. To determine RIL-C's
contribution to NDCs, we compared national RIL-C potential emissions
reductions against the NDCs reported by Baruch-Morda et al. (2019).

3.2. Emissions reductions and RIL-C best practices

The average RIL-C pantropical best performance (2.3 Mg Mg - 1 ) was
60% lower than the mean pantropical baseline, with lower intra-region
variation than for baseline emissions ( ± 0.4 Mg Mg - 1 ). Subtracting
this global mean best performance from baseline values for each region
provides estimated potential emissions reductions by region, which
ranged from 8.4MgMg - 1 in Gabon (79%) to O.SMg Mg - 1 (18%) in
MdD (Fig. 2).
Most of RIL-C's emission reduction benefits are derived from RIL-C
practices that minimize the hauling footprint, reduce wood waste, and
improve skidding (Table 2). Increases in wood waste explain 96% of the
linear model's variation in felled tree remainder emissions (Fig. 4).
Most wood waste in our sample (79%) is a result of poor log recovery
(felling hollow trees, failing to extract all felled trees); the remainder
(21%) is from poor bucking practices (e.g., high stumps, too much
crown wood). Skidding emissions were significantly different for con
cessions using different equipment (F4 , 56 = 2.81, p < 0.05, Fig. SS).
FMEs using heavy equipment such as articulated skidders, bulldozers
and excavators emitted eight times more carbon per km of skid trail
than those that used small footprint skidding equipment such as mod
ified farm tractors and fores try skidders (known in Mexico as "tree
farmers") (Table 3). Skidding emissions showed a weak but significant
(F1 , 59 = 4.28, p = 0.04, adjusted R 2 = 0.05) relationship with skid trail
density (m [ha sample block] - 1; Fig. S6).
Haul road width explains 19% of the linear model's variation in
road emissions CIF (F1 , 5 = 15.0, p = 0.0003), Fig. 5). We found no
correlation between the lengths of skid trails and haul roads.
We found no evidence that training in directional felling reduced
felling collateral damage (F1 , 4 7 = 0.40, p = 0.53). At the sample block
scale, neither mean tree biomass (Mg tree-1 ) nor mean DBH was cor
related with felling collateral damage emissions. There was also no
relationship between winching distances (7.0 ± 1.6 m) and skidding
emissions.

3. Results
3. 1. Baseline emissions

Mean CIF baseline carbon emissions for all 61 sample blocks was
5.7 ± l.OMgMg- 1 (1.8 ± 0.2Mgm - 3 and 20.8 ± 4.6Mgha- 1 ).
Variation in CIF was high among ( ± l.9MgMg - 1 ) and within geo
graphies ( ± 0.4 to ± 4. 9 Mg Mg - 1 ), and across emissions sources (Fig.
S3). Gabon's CIF (10.7) was almost four times higher than MdD's (2.8).
Congo Basin countries displayed the highest emissions from hauling
and the greatest variation in total emissions. Emissions in MdD and
YucP were the lowest and varied the least, with both dominated by
felled tree remainder emissions (Fig. 2). On average, haul roads and
felled tree remainders are the largest emission sources (35% and 33%),
followed by felling collateral damage and skidding (17% and 10%). Log
yards are the smallest source of emissions (5%). The percentage of pre
logging carbon stocks emitted as a result of logging was fairly

3.3. Pantropical logging emissions and emissions reductions

Using baseline emission factors from Fig. 2 together with reported
harvest volumes sourced from the FRA data, we estimate that the
baseline logging emissions for 83 timber-producing tropical countries is
834 Tg C02 year - 1, which exceeds Mexico's total annual greenhouse
gas emissions (World Resources Institute, 2017). Using estimated po
tential emissions reductions from Fig. 2 (shown as negative CIF), the
total expected emissions reductions sum to 366 Tg C02 year- 1, 44% of
baseline emissions (see Fig. 6). These potential emissions reductions are
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more than Mexico's entire unconditional 2010 NOC. Logging emissions
represent 6% of these 83 countries' total greenhouse gas emissions
(World Resources Institute, 2017). For the 58 tropical timber-producing
countries who have pledged quantifiable NOCs to the Paris Agreement,
RIL-C can contribute 4% to their aggregate emissions reductions tar
gets. Nine of these 58 countries show potential RIL-C mitigation con
tributing to more than half of their NOC commitment: Uganda, Gabon,
Cote d'Ivoire, Solomon Islands, Equatorial Guinea, Republic of Congo,
Guinea, Central African Republic, and Liberia.

4. Discussio n
4.1. Baseline emissions

High inter- and intra-region variation in baseline CIF indicates large
opportunities for operational improvements to reduce emissions from
selective logging in the tropics (Fig. S3, Fig. 2). The lack of evidence for
association between logging emissions and FSC certification may reflect
that FSC standards were designed to ensure sustainability and promote
environmental responsibility, not to reduce carbon emissions. Fur
thermore, FSC's principles, criteria, and indicators are not specific en
ough to affect operational changes that generate measurable ecosystem
service outcomes. Fully aware of this challenge, FSC recently released
an Ecosystem Services Procedure for FME audits that recommends the
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show a strong effect of harvest intensity (Ekal, Gabon, Suriname, and
YucP), but others do not (DRC, MdD, RoC). It also appears that the
negative effect of harvest intensity saturates at high levels (above
- 25 m3 ha - 1 ), and converges at - 2.6 CIF, perhaps because forest
managers can more efficiently utilize logging infrastructure and extract
more wood from targeted portions of sample blocks with high stocking,
but after they exhaust these areas of timber, must build new infra
structure into more marginal territory (Fig. 3). Only in the Yucata n
Peninsula does it appear that significant increases in harvest intensity
could drive emission levels below the target CIF of 2.3 Mg Mg - 1 (YucP
asymptote = 1.7MgMg - 1 ).

Table 2
Estimated em1ss10ns reductions from RIL-C practices. Note that directional
felling emissions reductions ( *) are theoretical, as we have no evidence that
directional felling training led to lower felling collateral damage.
RIL-C Practice

RIL-C savings
(CIF, Mg Mg-

Minimize hauling
footprint
Build narrower haul roads
Clear smaller log yards

1
)

% of total
savings

Emissions source

Roads and yards
1.38
0.17

40%
5%

Reduce wood was te

Felled tree
remainder

Recover all merchantable
wood
Do not fell hollow trees
Buck felled logs efficiently

0.47

14%

0.20
0.18

6%

4.2. Emissions reductions and RIL-C best practices

Our average RIL-C pantropical best performance CIF is 2.3 Mg Mg - 1
(0.63 Mg m - 3 of C). This target is similar to the only other two pub
lished estimates of field-measured RIL emissions we could find in the
literature: 2.4 Mg Mg - 1 from Para, Brazil (Feldpausch et al., 2005;
Keller et al., 2004) and 0.62 Mg C m - 3 from Sabah, Malaysia (Pinard
and Putz, 1996). More r esearch is needed to evaluate RIL performance
in other regions, but given this alignmen t across 9 different coun ties
( ± 14% uncertainty when including Brazil and Malaysia), we suggest
tha t RIL incentive programs consider a pantropical target CIF of
2.3 Mg Mg - 1 . This target balances practicality with ambition and pro
vides a measurable benchmark to evaluate progress.
Given that carbon emissions from selective logging decreases with
harvest intensity, as discussed above, target CIF values might also vary
with intensity. YucP is the only region where intensification appears
able to drive CIF values below our theoretical best performance, but
even here, values below 2.3 are not directly observed. Therefore, for
simplicity, practicality, and to motivate and guide RIL-C implementa
tion, we feel confiden t tha t a CIF of 2.3 Mg Mg - 1 serves as reasonable
and achievable target. However, when RIL-C monitoring systems are
designed, it is important to control for the potentially perverse in
centive of logging intensification. Therefore, we recommend RIL-C
performance methodologies include safeguards that limit increases in
timber extraction and tie performance to improved practices known to
limit impacts, as specified in the RIL-C Verra Methodology (The Nature
Conservancy and TerraCarbon LLC, 2016a).
To realize RIL-C benefits, forest managers need to know how to

5%

Improve felling

Felling collateral
damage

Use directional felling
Improve skidding
Use low-impact skidding
equipment
Plan out skidding routes

0.59*

17%

0.33

10%

0.10

3%

Skidding

Total

3.42

RIL-C me thodology to demonstrate carbon impact (Forest Stewardship
Council, 2018). This standa rd is available to existing FSC-certificate
holders who want to document their carbon-related performance.
The paucity of detected relationships between logging emissions
and environmental variables is surprising, but corresponds with the
results of previous research (e.g., Griscom et al., 2014). More studies of
these relationships between logging emissions and slope, carbon den
sity, timber stocking, tree height, other biophysical variables are
needed, but the paucity of evidence to date suggests that operational
decisions exert an outsized influence on logging impacts. For example,
we were surprised to find that mean annual precipitation appeared
unrelated to road width, given the reported need to increase road
corridors to facilitate "dayligh ting" in wetter climates.
The negative effect of harvest intensity on CIF is strong, but het
erogeneous, and warrants further study. It is unclear why some regions
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Table 3
Skidding emissions differences based on skidding equipment (mean ± 95% confidence limits). Asterisks mark significant pairwise differences based on Tukey HSD
tests. Skidding emissions are expressed as the carbon impact factor: the ratio of carbon lost from skidding to carbon extracted as timber (Mg Mg- 1) .
Skid trail width
(m)

Modified farm tractor
Forestry skidder
Articulated skidder

±
±
±
±
±

tracked bulldozer

3.1
3.9
2.3
3.0
6.3

All

3.9 ± 0.8

Excavator

0.4
0.2
0.8
2.6
1.6

Skidding intensity (m
m - 3)

Skidding C emissions intensity
(Mg km - 1)

Skidding emissions CIF (Mg
Mg - ' )

5 1.9 ± 27.5
106.6 ± 38.7
26.8 ± 4.5
47.8 ± 7.1
15.9 ± 13.0

4.1 ± 3 .4
7.2 ± 1.3
1 7.9 ± 5.2
24.4 ± 8 .2
38.8 ± 13.6

0.16
0.79
0.51
1.21
0.69

34.2 ± 8.2

24.0 ± 5 .9

0.65 ± 0 .14

±
±
±
±
±

0 .06
0.39
0 .17*
0 .56*
0 .27

Max tree biomass
(Mg C)

Sample blocks
(n)

46.7
1 2.2
53.l
25.5
71.6

3
6
25
6
21

71.6

61

potentially reducing the CIF by 0.47 Mg Mg - 1 . Seventy percent of the
unextra cted felled tree waste in our sample had no hollows or evident
damage. Improving log extraction will not only reduce emissions, but
improve operational efficiency, since it increases volume extracted per
unit machine time and labor.
Second, training and motivating tree fellers to avoid felling hollow
trees could reduce much of the rema ining 30% of felled tree wood
waste (0.20Mg Mg- 1 ) . Many strategies exist for pre-felling evaluation
of hollowness. For example, fellers may utilize a chainsaw plunge-cut to
test for hollows at the tree base before initiating the felling process. If
the detectably hollow trees are subsequently not felled, wood waste and
carbon emissions will both be reduced, valuable wildlife habita t and
forest structure will be maintained, and the personal risks to the tree
fellers will be reduced (Conway, 1976). This is an obvious benefit for
one of the most dangerous professions in the world, where every 10th
logger in the tropics is likely to die from a work-related accident (Alli,
2008).
Third, improved bucking of felled trees can generate additional
operational efficiency and emissions reductions. Twenty-one percent of
wood waste in our field sample was generated from felled trees with
some extracted timber (RWF > 0). Of this, 77% showed no signs of
heart-rot, hollows, or other defects, indicating that 0.18 Mg emissions
could be avoided per Mg of timber harvested if fellers bucked non
hollow log sections up to the first large branch and down to 0.5 m from
the ground. For trees with large buttresses, trimming buttresses to the
bole before felling not only avoids wood waste, but improves accuracy
and safety of felling, again providing additional operational benefits.

adapt their harvesting operations to optimize emissions reductions with
minimal costs. More research is needed to provide causal links between
best practices and emissions reductions, but this paper, together with
the regional studies in this special issue, provide a starting point for
identifying RIL-C best practices with high likelihood of reducing carbon
emissions.
Improvements in road construction constitute the largest source of
potential emissions reductions (1.38 Mg Mg- 1, 40%) but are also likely
to be the most costly. Following our best-case scenario logic, sub
tracting minimum road widths from average road width per geography,
road widths could be feasibly reduced by 1-12 m (18- 54%). To com
pensate for the reduced direct sunlight on the often-wet road surfaces,
loggers would need to improve their road engineering to increase
drainage, and use more gravel on road surfaces to increase traffic
ability. The latter would entail substantial costs where hard rock is
scarce, but improved roads might reduce hauling costs and increase the
length of the time the roads are passable. Minimizing log yard area
could reduce emissions an additional 0.17 Mg Mg - 1 (5%); temporary
storage of logs on roadsides is an option but might require better
scheduling of overall harvest operations.
Reduced wood waste is a smaller but more cost-effective RIL-C best
practice that contributes at least 25% (0.84 Mg Mg- 1 ) of the total po
tential emissions reductions need to reach the 2.3 CIF target. Activating
this mitigation oppor tunity involves three potential interventions, all of
which improve utilization through reducing wood waste from felled
trees. First, simple planning and communication between fellers and
skidder operators can ensure that all merchantable logs are recovered,
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All three of these strategies for improved wood utilization could pro
vide additional emission reductions to skidding and hauling, because
they increase timber yields for similar infrastructure footprints, thereby
reducing the CIF for skidding and hauling.
Felling collateral damage emissions are the third largest source of
emissions reductions (0.59Mg Mg- 1, 17%), but the pathway to im
plementation is less clear. We found no relationship between feller
training and reduced felling colla teral damage. Either feller training
was insufficient, the trainees were not motivated to utilize their training
to reduce emissions, or they were not the ones doing the felling (at
trition of skilled loggers is common). It is also important to note that
only one of 56 FMEs cut lianas at least 6 months prior to felling (the
ejido Caobas in YucP; Ellis et aL, 2019), as per RIL recommendations
(Appanah and Putz, 1984; Pinard et al., 1995). While more research is
needed to examine relationships between liana cutting and felling
collateral damage, it is noteworthy that felling emissions in Caobas
were very low. In addition to cutting lianas, felling emissions might be
reduced by: (1) providing incentives to fellers to avoid damaging large
trees; (2) ma rking future crop trees, as stipulated in many RIL stan
dards; and (3) instituting programs to retain and reward tree fellers that
show skill and experience in directional felling-these master fellers
could earn higher wages by training less skilled staff and passing on
their knowledge.
Improved skidding is the smallest potential source of emissions re
ductions (0.43 Mg Mg - 1 , 13%). The resistance of loggers to changes in
skidding machinery notwithstanding, if rubber-tired skidders replaced
bulldozers and farm tractors replaced forestry skidders, skidding
emissions could be reduced by 50% and generate an average emission
reduction of 0.33 Mg Mg - 1 (Table 3). The remaining 0.10 Mg Mg- 1
could be achieved through improved skid trail planning and longer line
winching, although the weak rela tionship between skid trail density
and skidding emissions (Fig. S6) suggests that the impact would be
relatively small. While we detected no relationship between skidding
emissions and skid trail-to-stump distances, we believe this is because
none of the FMEs in this study used long line winching technology (skid
to stump distances were only 7.0 ± 1.6 m) such as the modified ex
cavators that a re widely used in Malaysia (Kamarudin et al., 2011).
Findings in this special issue (Griscom et al., 2019) indicate tha t these
technologies could generate additional emission reductions not ob
served in our sample by limiting the length of skid trails needed to
reach felled trees.
Increased post-logging regrowth and avoided soil impacts are ad
ditional sources of carbon mitigation provided by RIL-C, but not ad
dressed in this paper. We do not a ttempt to measure the carbon storage
from post-RIL increased growth, but this source of climate mitigation is
likely additional to estimates reported in this study (de Avila et aL,
2018; Piponiot et aL, 2016; Roopsind et al., 2018). Similarly, reduced
soil disturbance from RIL road and skid trail construction has been
shown to decrease greenhouse gas emissions (Keller et aL, 2005), but a

paucity of the post-logging soil-atmosphere flux data limits inclusion of
soil respiration in RIL-C carbon budgets.
Many improved forest practices such as liana cutting, extending
rotations, set-asides, fuel efficiency, and increased wood product sto
rage are not included here, but would provide additional climate
change mitigation. We did not have sufficient da ta to evaluate the
potential for pre-harvest Hana-cutting to limit felling impacts and re
duce emissions, but preliminary research suggests this additional RIL-C
practice could provide additional leakage-free emissions reductions
(Marshall et al., 2017; van der Heijden et al., 2015). Extending the time
between harvests would also augment carbon storage by increasing the
time-averaged landscape-level carbon stocks, but this would necessitate
at least temporary reductions in timber production (Griscom et aL,
2017; Sasaki et al., 2016). Setting aside special areas such as high
conservation value forests, riparian zones, or other sensitive areas could
also invoke leakage concerns by excluding portions of the permitted
logging area from harvest operations. Resulting leakage be mitigated by
more thoughtful planning of existing no-impact zones (Ellis et al.,
2016), which occupied 57% of the total sample block area surveyed in
this study. As a demand-side intervention, we also did not address the
increased mitigation from use of wood products, especially those with
long residence times and those that replace concrete, steel, or alu
minum. By accounting for 100% of wood product emissions as per IPCC
Tier 1 recommendations (Pingoud et al., 2006) we allow for future
research to estima te additional mitigation from wood product storage
when life cycle inventories demonstrate that wood product inputs ex
ceed outputs, or wood outputs show longer landfill residence times
(Newell and Vos, 2012).

4.3. Pantropical logging emissions and emissions reductions

To the best of our knowledge, only three other studies estimate total
carbon emission from selective logging in the tropics: 1870 Tg C02
(Putz et al., 2008b) based on six sample blocks in two countries, 1090
Tg C0 2 (Pearson et al., 2017) based on 13 sample blocks in six coun
tries, and a model-based estimate of 1923 Tg C0 2 using an average of
all logging entries reported in Table 3 of Sasaki et al., (2016). Our es
tima te (834 Tg C0 2 ) is lower than these, but it is based on a larger field
sample (61 sample blocks in seven countries). Comparing our study to
that of Pearson et al. (2014), emissions factors for Indonesia and the
Guiana Shield (where Pearson et al sampled 4-5 sample blocks) align
well ( < 10% difference), but our results differ for RoC and Central
America, where Pearson et al.'s sampling densities in these countries
were very low (Table 4). Expressed as emissions per hectare, our pan
tropical average baseline C emissions estima te of 20.8 Mg ha - l is also
close to a meta-analysis estimate 19.9 Mg ha - 1 that draws on all the
aforementioned studies (Andrade et al., 2017).
Our estimated pantropical RIL-C mitigation potential is conservative
compared to other studies. It is 50% lower than the model-based
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2018), and other ecosystem services referenced above; nor does it ad
dress the very real concerns about worker safety. More research is
needed to understand synergies and trade-offs between carbon and
other ecosystem services in natural forest management. However,
carbon measurement systems are currently the most robust and are
ready to measure results now.
Given the challenges countries face in reporting degradation base
lines, higher-tier accounting systems are needed to evaluate opportu
nities and demonstrate performance against climate goals (Andrade
et al., 2017). Furthermore, high uncertainty from IPCC Tier 1 default
values are being propagated into forest dynamic process models that
inform our own actions in the face of climate change, which impedes
our ability to innovate and develop appropriate policy actions
(Mitchard, 2018).
RIL-C meets this challenge by applying the following actions: (1)
motivate regional investment in RIL by providing a rough country-level
RIL-C mitigation estimate from Table S2 (see Fig. 6); (2) set a regional
logging emissions baseline with a field campaign that follows methods
outlined above; (3) identify best practices to reduce emissions; and, (4)
provide a rapid field based auditing protocol to quantify and verify
implementation of these practices, with the capacity to correct for the
influence of any covariates that effect source emissions. Countries with
high logging emissions could implement this approach to deliver large
portions of their NDCs at relatively low costs. As reported above, for
nine countries, particularly the less developed countries of Central and
West Africa, the potential RIL-C mitigation reported here represents
more than half of their stated NDCs. Many countries are unaware of this
potential, but others are spearheading the process now, and are in
cluding components of RIL-C in their NOC revisions (e.g., Gabon),
Forest Reference Emission levels (Government of Suriname, 2018), and
national forestry regulations (e.g., Indonesia). We hope that the results
of this study motivate more explicit inclusion of RIL-C in national cli
mate mitigation efforts as countries prepare to finalize their NDCs in
2020, and begin measuring performance in biennial transparency re
ports.

Table 4
Comparison of baseline C emissions factors (Mg m - 3 ) from this study to
(Pearson et al., 2017). Parenthetical numbers are sample sizes. *Central
America values (for Belize and the Yucatan Peninsula, Mexico, respectively) are
for felling only, as Pearson excludes skidding and hauling in their estimate.

(Pearson et al., 2014)
This study

Indonesia

Guiana Shield

RoC

Central America•

1.49 (5)
1.61 (10)

2.33 (4)
2.15 (10)

0.99 (1)
1.54 (6)

1.54 (1)
1.04 (9)

estimate from Sasaki et al. (2016) and 38% lower than (Putz et al.,
2008b), at least partially because we sampled regions with lower po
tential emissions reductions (MdD and YucP) and apply those lower
emissions factors conservatively to over half of the tropical timber
producing countries assessed. Our mitigation potential is 47% of the
maximum natural forest management mitigation potential reported by
Griscom et al., (2017), but only 22% lower than Griscom et al.'s
$100 Mg - 1 C02 2-degree pathway estimate (468 Tg C02 year - 1). More
consistent reporting of country-level harvest volumes to replace the
self-reported FRA data would likely improve the accuracy of all esti
mates (MacDicken, 2015).
4.4. Barriers and trade-offs

It is important to emphasize that RIL does not ensure sustainability
(Putz et al., 2008a). To be effective as a conservation intervention,
timber yields should be sustained and other safeguards should be in
place Jest managed forests become susceptible to more damaging land
uses that yield greater short-term financial profits. Therefore, when
evaluating logging performance, it is important to pair RIL-C as a per
formance metric with standards for sustained yield, worker safety is
sues, and the various non-carbon ecosystem services. The FSC Eco
system Services procedure provides a potential vehicle for this pairing
by combining the RIL-C methodology with other FSC standards. In
particular, criteria 5.6 that stipulates that "the rate of harvest of forest
products shall not exceed levels which can be permanently sustained"
(FSC, 2002).
Cost is often cited as a barrier to RIL implementation, but evidence
for this is inconclusive. Sasaki et al. (2016) as well as Medjibe and Putz
(2012) both reviewed evidence for the cost effectiveness of RIL but both
failed to find consistent results due at least in part to methodological
differences among the few published studies on this topic. By dis
aggregating RIL performance into different logging emissions sources
and best practices, the RIL-C approach allows forest managers to make
financially sound decisions about where to invest their efforts in im
provement of selective logging practices.
There are often trade-offs between RIL objectives and silvicultural
ones. For example, to compensate for the production losses of over
logged forests, silvicultural intensification may be required (e.g.,
Ruslandi et al., 2017). Light-demanding species may also require
clearing larger gaps to promote regeneration (Navarro-Martinez et al.,
2017). To be effective, RIL should be part of a landscape approach to
forest management where higher intensity silviculture, set-asides, and
RIL are balanced to achieve multiple objectives (De Pellegrin Uorente
et al., 2017; Runting et al., 2019).
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4.5. Recommendations for management

Supplementary data to this article can be found online at https://
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Carbon is a useful but incomplete metric for RIL. On one hand, RIL
standards have struggled for consistency across the tropics (Medjibe
and Putz, 2012). On the other hand, FSC standards lack the specificity
needed to drive and document measurable improvements. RIL-C at
tempts to fill this gap by providing a universal measurable indicator of
performance. Admittedly, RIL-C does not capture important RIL bene
fits to biodiversity (Bicknell et al., 2014), soil erosion (Wenger et al.,
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